Summary: Until today there is still a deficit in understanding the hydrology of alpine environments. Especially in times with changing climatic conditions it is necessary to get a better knowledge of the water resources in mountainous areas, because these areas are receiving disproportionate amounts of rainfall and in consequence they have high significance for the fresh water supply of large areas. During the summer months of 1996 and 1997 runoff, electrical conductivity and rainfall have been measured at the Partnach spring (Wetterstein mountains with the Zugspitze 2,962 m a.s.l.). These data are the first continuous hydrological records of the Partnach spring in the highest situated karst area of Germany. During both years of measurement, about 30% of runoff in summer is constituted by snow-melt processes in the upper part of the catchment. In the dry autumn of 1997 snow-melt hydrographs of the glacier fields can be seen clearly over several weeks. With the construction of the recession curve the overall depletion behaviour of the catchment has been demonstrated. Recession limbs of several storminduced runoff events constitute the upper part of the recession curve, depletion of the groundwater takes place if runoff reaches values lower than 2 m 3 /s. With graphical and geochemical methods it has been shown that runoff is produced by different karst water systems with specific velocities of flow. Apart from overland flow, three components of groundwater flow have been detected. Flow in karst conduits, flow in fractures and diffuse Darcian flow in fine fractures are reacting with a different delay after storm precipitation. Displacement processes for all components of flow can be observed by means of electrical conductivity. Old pre-event water with a high electrical conductivity is pushed out of the aquifer before the new storm water can be detected by a falling electrical conductivity in the karst spring. Flow velocities in the karst conduits have been calculated during snow-melt. The rhythmic curve of the daily melting hydrographs is connected with a stepwise fall of the electrical conductivity at the karst spring because of dilution processes. New melting water arrives at the Partnach spring when the electrical conductivity is falling. By means of the electrical conductivity, mean velocities of flow of about 400 m/h (about 11 m/s) have been calculated. In comparison with Dinaric karst areas, these high values are pointing to a well developed karst conduit system in the underground of the Partnach area.
Introduction
Even today there is a deficit in knowledge of the high mountain areas of the earth. Hence the UN proclaimed the year 2002 as the "International Year of the Mountains". A special deficit exists in the knowledge of the hydrology of high mountain areas. Due to the observed and predicted climatic change, research on this topic has to be intensified (e.g. WISSENSCHAFTLICHER BEIRAT DER BUNDESREGIERUNG 1998; BENISTON 2002) . A better knowledge of the hydrology of high mountain areas is so important, because these areas are receiving over proportional amounts of rainfall. Through this high mountain regions possess an abundance of water and after MESSERLI and IVES (1997) they are called the "water towers" of the earth. Even under humid climatic conditions high mountain areas are necessary for the water supply of large regions. About 50-60% of the annual discharge of the river Rhine for example is produced in the alpine part of the catchment, covering 11% of the total area. Hydrological research should be intensified because little is known about water balance and hydrological processes, despite the enormous hydrological potential of mountain areas. High mountain hydrology has been characterized by BANDYOPADHYAY et al. (1997, 131) as "the blackest of black boxes in the hydrological cycle" from which only the output is known with a satisfying accuracy.
The knowledge of the water balance of the Alps has first been summarized by BAUMGARTNER et al. (1983) . Resulting from different reasons, the authors had many difficulties estimating aerial amounts of rainfall and evapotranspiration. Twenty years later only little has changed, rainfall and evapotranspiration are still remaining uncertain parts of the water balance in alpine areas (SPREAFICO 2001; DE JONG et al. 2002) . Despite over 5,000 rainfall collectors in the Alps, rainfall amount can be calculated only with a considerable degree of inaccuracy. Even in Switzerland, which is known as the best investigated hydrological area of the earth with a dense network of meteorological stations and sophisticated procedures of rainfall corrections, an inaccuracy of rainfall amount of 14% is given in the Hydrological Atlas of Switzerland (SPREAFICO 2001) . The same problems are concerning the Wetterstein Mountains although the meteorological service of Germany (DWD) maintains an observatory at the Zugspitze (2,962 m a.s.l.), the highest peak of the Bavarian Alps.
Also for wide areas of the Alps runoff is only estimated. The Partnach-Ursprung, one of the largest karst springs in the Bavarian Alps, is draining the area of the Zugspitze. But the discharge of the karst spring is rather unknown. After WILHELM (1997) mean runoff of the Partnach close beneath the spring is about 4 m 3 /s. If a catchment area of 20 km 2 at the point of runoff measurement is assumed, the mean annual precipitation must be more than 6,000 mm! Taking the geological and geomorphological situation of the area into consideration, an underground influx has to be excluded and the current hydrological knowledge of even well known alpine areas is demonstrated by this value.
Hydrological investigations in the basin of the Partnach-Ursprung should not focus only on the parameters of the water balance. Several questions concerning the hydrology of alpine karst areas can be examined here. In the past different hydrological investigations even in alpine karst areas have been conducted. Most of the studies are dealing with tracer hydrology (cf. BÄUMLE et al. 2001; SEILER a. WOHNLICH 2001) , but investigations of runoff production processes in alpine karst systems are rare. Above all HESS and WHITE (1988) and DREISS (1989) have shown that different processes in the karst aquifer can be examined by means of a combination of hydrological and geochemical analysis. As WHITE (1988, 136) pointed out, much more investigation on the base of geochemical analysis should be conducted in karst terrain. Therefore a gauge station has been installed close beneath the Partnach-Ursprung. During the summer months in 1996 and 1997 data on the water level, electrical conductivity of runoff and rainfall have been recorded at this station.
The hydrological investigations at the Partnach-Ursprung presented in this paper have four areas of concern. At first, runoff during the summer months as a consequence of snow melting, storm precipitation and glacier ablation should be registered, analysed and discussed in a regional context. Secondly, hydrological balances for the two measuring periods on the basis of meteorological and hydrological data should be calculated. An analysis of runoff production processes for the different types of runoff (e.g. snow melt and storm runoff) is a further focus of this paper. At least karst hydrological conditions should be examined by use of continuous records of water quality data.
The investigation area
The investigation area is situated in the western part of the Wetterstein Mountains culminating in the peak of the Zugspitze (Fig. 1) . Crests of a westward-rising geological synclinal structure are bordering the surface catchment area of the Partnach-Ursprung (cf. Fig. 2 ).
The border runs along several peaks (e.g. Jubiläums-grat, Zugspitze and Schneefernerkopf) following the circular-stretching geological structure. To the east, the catchment is opened like a horseshoe, so the catchment border cannot be determined by the topography of its surface. Here, S-N and SW-NE-running fault lines form the hydrogeological border. In the cross point of these fault lines the Partnach-Ursprung is situated. The central part of the catchment, the so-called "Zugspitzplatt", has a quite smooth eastward-falling surface (about 13°) which is overtopped by about several hundred metres by the peaks of the divide.
The geological ground of the Partnach area is formed by the 220 mill. year-old (Ladin) Wetterstein limestone, a pure white reef limestone with a thickness of about 600-800 m (MILLER 1962) . Karst landforms of different dimensions as karren fields and dolines can be found on the Zugspitzplatt. Under the Wetterstein limestone a marly claystone (Partnachschichten, thickness about 300-400 m) follows with a low hydraulic conductivity (Fig. 2) , which acts as an aquiclude. The groundwater flow direction in the karst system of the Partnach-Ursprung basin is eastward (WROBEL 1980) . At the fault lines which form the border of the groundwater basin in the east, the karst water is forced to well up and forms the Partnach spring. No indication for a leakage of the basin has been found by means of tracer studies (WROBEL 1980) and examinations of springs in the vicinity of the basin (ENDRES 1997) . So it can be assumed that the Partnach basin works like a natural lysimeter and is especially suitable for studies on water balance. However, more hydrogeological investigations are necessary to be sure about a closed aquifer system and the hydrogeological conditions of the catchment.
The catchment of the Partnach source has an areal extent of 11.4 km 2 . Between the highest point of the catchment (Zugspitze 2,962 m a.s.l.) and the Partnach source (1,430 m a.s.l.) a distance of 3.6 km and a vertical difference of 1,532 m exists. Beneath the Zugspitze the "Nördlicher Schneeferner" the largest glacier of the Bavarian Alps is situated. Today the glacier area has an extension of only 31 ha, because of a fast retreat in the last 20 years (HERA 1997) . Together with some 174 Erdkunde Band 58/2004 H H H ö ö ö l l l l l l e e e n n n t t t a a a l l l s s s p p p i i i t t t z z z e e e n n n G G G a a a t t t t t t e e e r r r l l l k k k ö ö ö p p p f f f e e e P P P l l l a a a t t t t t t s s s p p p i i i t t t z z z e e e n n n (MÜLLER-WESTERMEIER 1996) . In the same period a mean temperature of -2.8°C with the extremes 17.6°C and -32.7°C has been recorded. Because of the extreme relief and the different expositions the observations are only valid for the highest parts of the catchment of the Partnach-Ursprung.
Methods and instrumentation
Assessing the long-standing hydrological balance of a catchment measurement of at least two components of the balance is necessary. In this investigation, only short periods of observation have been carried out. Additionally snow cover outflow has taken into consideration, too, following that all components of the water balance should be measured or estimated. The geolog- For an alpine catchment with relief conditions like the Partnach area rainfall and evaporation measurement cannot be conducted with the same accuracy as runoff.
One problem is the calculation of the regional precipitation; the other is how to estimate basin-wide rates of evapotranspiration. The analysis of runoff production processes has been carried out by means of graphical separation and electric conductivity as an indicator for geochemical processes. In the following a discussion of the different methods applied in this investigation is presented.
Runoff
In June 1996 a water level recorder has been installed about 200 m beneath the Partnach-Ursprung. Here, the intake of a small power plant for a nearby hut of the DAV (German Alpine Club) with a fixed cross-section of the Partnach creek is situated. Together with the electronic water level recorder a probe for electrical conductivity has been placed. The data of the probes have been recorded at intervals of five minutes by a data logger. Runoff measurements with the salt dilution method (BENISCHKE a. HARUM 1984; KÄSS 1992, 455) have been conducted at 10 different water-levels (Fig. 3) . Some more runoff measurements in times of moderate runoff would be desirable but as a consequence of the difficulties in reaching the investigation area (several hours of walking) and the problems of salt transport (about 6 kg per measurement) no more data are available. Measurements with different probes in the crosssection of the Partnach creek with deviations of < 3% have shown the accuracy of the salt dilution method (OTZINGER 1998) . The best fit of the data is given by an exponential function with a coefficient of correlation of 0.97 and a mean deviation of ± 19% for the calculated runoff. A reason for the error of the regression model has to be seen in the difficulties of measuring exact water-levels due to the highly turbulent flow of the Partnach creek.
The turbulent flow of the Partnach with a high velocity is causing a rough surface of the creek. Resulting from the turbulent flow and from pressure pulses the water-level records are showing short termed oscillations and abrupt peaks and lows, as figure 4 demonstrates. Therefore smoothing of the data has been necessary. This has been done in two steps: at first all abrupt peaks and lows as a consequence of pressure pulses have been eliminated. In a second step a moving average over five values has been calculated. Moving average has been chosen for smoothing, because original data should be modified as little as possible. Figure  4 shows the course of the water-level during a storm event before and after the smoothing procedure.
Precipitation
The calculation of the mean regional amount of precipitation in alpine areas is very difficult, due to the spatial heterogeneity of rainfall. Growing problems occur if the regional amount of precipitation for single events should be estimated. This results from different directions of the wind field and from the increase of rainfall with height (SPREAFICO 2001) . Also it can be observed that the gradient of rainfall varies from one rainfall to another in relation to the type of rainfall (convective or advective) (FELIX et al. 1988) . As SEVRUK (1985) pointed out, any precipitation measurement has a systematic error specific to each type of rainfall collector and the wind field in the vicinity of the collector. For summer conditions this error is about 5-15% (cf. FELIX et al. 1988, 87 ) and has to be taken into consideration, too. The spatial and hypsometric distribution of rainfall can be measured if enough rainfall collectors are situated in the basin. Because of the limited financial budget of the current investigation, only data of one precipitation balance near the gauge station and precipitation data of the DWD from the Zugspitze have been used. Due to the above mentioned, a calculation of the regional amount of precipitation for the Partnach area bears a lot of uncertainties. In this study the regional amount of precipitation has to be calculated I) assessing the seasonal water balances and II) for analysing runoff processes in the karst system. Assessing the seasonal water balance data of the DWD observatory at the Zugspitze should be used, too. Therefore the data have been corrected by adding 10% of precipitation amount if rainfall has occurred and 20% in the case of snowfall. Differentiation of snow and rain had already been conducted by the DWD. The correction is in accordance with the findings of SEVRUK (1985), MOSER et al. (1986) and FELIX et al. (1988) . But a comparison with the writer´s own data recorded at the gauge station points to the problems of measuring precipitation in alpine areas. Only a small difference exists between the rainfall amount at Partnach station (1,430 m a.s.l) and Zugspitze (2,962 m a.s.l). Taking the geomorphological conditions of the catchment surrounded by high mountain ridges in the north, west and south into account a clear difference in rainfall amount between the valley station and the summit observatory should exist.
So calculation of the regional amount of precipitation has been calculated by means of the author's own data. But how is the increase of rainfall with elevation to be taken into consideration? An overview of different rainfall gradients in the northern Alps has been given by FELIX et al. (1988, 262) and for Switzerland a similar situation is presented by SPREAFICO (2001) . After that any assumption of precipitation gradients is speculative. But as MOSER et al. (1986) pointed out, correction of rainfall data for the purpose of hydrological balances should be conducted. Hence the mean gradient of 65 mm/100 m given by BAUMGARTNER et al. (1983, 121) for the northern Alps has been adopted for the Partnach area. Because single events should also be corrected and gradients during summer are lower (cf. FELIX et al. 1988 ), a rainfall increase of 3% per 100 m seems to be a realistic approach for the Partnach area. Calculation of the regional precipitation has been done by use of a DEM, so the hypsometric distribution of rainfall has been taken into account, too.
Evapotranspiration
Due to the geographical heterogeneity of the different parameters influencing evapotranspiration rates, assessment of the regional distribution of evapotranspiration is difficult. Modelling of annual evapotranspiration rates of alpine areas can be performed quite well, but modelling accuracy of shorter periods of time is not sufficient (XU a. SINGH 2000) . At the hillslope scale of hydrology of alpine areas most of the parameters affecting evapotranspiration are not available. New approaches have to be developed for the calculation of basin-wide evapotranspiration rates (DE JONG et al. 2002) . Despite its having been shown that daily evapotranspiration rates of high alpine areas are higher as supposed, the daily net water vapour balance is lower resulting from nightly condensation processes as DE JONG et al. (2002) have pointed out. Because runoff production in a high alpine karst area is the main topic of this investigation and data for the research basin are rare, the simple approach after HAUDE (1958) for estimation of evapotranspiration rates has been chosen.
Runoff production and hydrology of the karst system
Different approaches are used in hydrological studies concerning runoff production processes for separation of the sources of discharge (e.g. CUI 1997). Runoff separation can be conducted by means of three methods: I) separation with the graphical method (MUTREJA 1990) , II) separation by use of stable isotopes of the water cycle and III) geochemical separation where the dif- ferent pathways of water during the process of runoff production are traced by ions specific to the sources of runoff (MCDONNELL 1990; WELS et al. 1991) . In this study the electrical conductivity has been used as a tracer for Ca ++ and Mg ++ cations dissolved in the water by solution processes in the karst aquifer of the Partnach area. Electrical conductivity (EC) has been used successfully in several studies on runoff production (KENNEDY et al. 1986; KOBAYASHI et al. 1999; WETZEL 2003) as well as in karst hydrologic investigations, if a shallow karst system exists (WHITE 1988 , DREISS 1989 . Due to the lithologic homogeneity of the catchment -all over the catchment Wetterstein limestone forms the ground -Ca ++ and Mg ++ are the dominant dissoloved cations, showing a relation of 4:1. As demonstrated in figure 5 , a significant correlation exists between EC and the hardness of runoff water. Therefore in the results and discussion section only EC is used in explaining runoff production.
The solution content of runoff and therefore the EC, results from a mixture of three components of runoff: I) precipitation water with a low solute content and a typical EC of 15 µS/cm (± 10 µS/cm), II) overland flow with an EC of about 80-100 µS/cm varying with the intensity of rainfall and III) the karst water component with an EC of up to 140 µS/cm. The EC of rainfall has been measured in various studies in the Bavarian Alps (cf. WETZEL 2001 (cf. WETZEL , 2003 . Overland flow and the karst water component have been sampled during field trips. In the course of the dry autumn of 1997 the EC and the solute content of the Partnach spring rose to the highest values observed in the investigation period. During this time only small amounts of glacier runoff led to a dilution of the karst water and an EC of nearly 140 µS/cm has been measured. Probably in the winter, highest solute concentrations near the equilibrium should be observed at the Partnach spring, but due to the risk of avalanches the spring is not reachable. Therefore an EC of karst water of 140 µS/cm has been assumed. Despite the concept presented above, which mixes three components, precipitation is not used as a separate source of runoff in the following text. As pointed out before, due to the karst processes no perennial running water can be observed in the Partnach basin. The entire precipitation falls to the ground and immediately solution processes are starting (HÜTTL 1999) . Because of the high velocity of the solution processes during rainfall only overland flow with a typical EC of 80-100 µS/cm in the Partnach area enters the karst system via joints, sinkholes or dolines. Once entered the karst system further solution takes place in the aquifer. In relation to the occurrence of wide karst conduits, one part of the water leaves the system without reaching solute equilibrium; the other part has longer retention periods in the karst aquifer and therefore a higher solute concentration (ATKINSON 1977; HESS a. WHITE 1988; FORD a. WILLIAMS 1989) . Hence, spring runoff has to be seen as a mixture of two components: fresh overland flow with low solute concentrations transported quickly through the karst conduits and highly concentrated old water of the karst aquifer.
Additional to the tracer approach, the traditional graphical method of hydrograph separation has been used recognising different sources of runoff in the karst system. According to CHOW (1964) and MUTREJA (1990) separation of runoff has been conducted. The underlying principle of the graphical method is the assumption that storage depletion can be described by an e-function: MUTREJA 1990) . Subtracting the slowest component will lead to a new hydrograph and the procedure can be repeated. By means of graphical separation methods, the course of runoff components during the rising part of the hydrograph is speculative (MATTHESS a. UBELL 2003, 408) . Thus, the application of graphical separation techniques should be restricted to the recession part of the hydrograph and quantitative conclusions should be drawn with care. In this study the graphical method has been used only for the detection of different karst aquifers constituting spring discharge.
Results and discussion

The hydrographs of the two investigation periods
With this paper the first runoff records of the Partnach spring over a period of several months are presented. The hydrographs of the two periods of investigation show a quite similar course (cf. Fig. 6 and 7) . During both years a "baseflow", as the result of snow melt runoff in the upper part of the basin, can be observed, which is superposed by rainfall induced runoff. The storm hydrographs at the Partnach spring are showing well developed peaks of runoff and recession limbs similar to those of surface watercourses. After FORD a. WILLIAMS (1989, 195) this can be seen as typical for vadose and shallow karst systems respectively. Despite the behaviour of the hydrographs, parts of the system have to be termed as a phreatic or deep karst system respectively, because the aquiclude (Partnach layers) is situated beneath the level of outfall. As a result up-welling of water can be observed in the Partnach spring, indicating a piecometric surface higher than the level of the spring. Accordingly a well-mixed karst reservoir should exist at the Partnach spring and the geochemical composition of runoff should correspond to the mean solute concentrations of the aquifer (cf. ZÖTL 1974, 100).
In both investigation periods the same fluctuations in the course of the hydrographs can be observed. The general behaviour of the hydrograph can be seen clearly in 1997 and with some restrictions the basic characteristics in 1996, too. At the beginning runoff is falling to values of about 1 m 3 /s according to a cold snap occurring regularly in the middle of June. Snow melt stops and new snow is often falling beneath the tree-line. In July temperatures are rising and snow-melt runoff is showing a daily oscillation and in general an increase up to the end of July. After snow-melt has reached its maximum at the beginning of August, runoff is falling. During July and August most of the storms with high rainfall intensities are occurring leading to peaks of runoff of more than 5 m 3 /s. Analysing the hydrographs in detail leads to results presented in the following.
The water equivalent of the snow cover at the end of the winter is determining depth of runoff during the first half of the summer. In the year 1997 depth of snow cover was nearly as twice as high at the beginning (Fig. 8) . The high proportion of snow-melt runoff in the summer season becomes clear in both hydrological balances (cf. Tab. 2). Notwithstanding that the amounts of precipitation and the depth of evapotranspiration have been nearly equal in both years, the depth of runoff in the same period of time is 16% higher in 1997. Snow depth has been about 3 m in the upper part of the area at the beginning of the 1997 investigation period. About 30% of the amount of runoff, namely 247 mm (1996) and 379 mm (1997), has been delivered by snow cover outflow. Classically shaped snow-melt hydrographs in consequence of hot weather conditions in July of 1996 can be seen in figure 6 . Daily snow-melt fluctuations also can be observed in 1997, but snowmelt runoff has been interrupted by several storm events. The main difference between the two investigation periods exists in August. While August of 1996 has been characterized by several storms with high amounts of rainfall, the late summer of 1997 was very dry and only a few showers of low intensity and small amounts of rainfall have been recorded. Hence, in 1997, runoff decreased after snow-melt has reached its maximum and after September, 12th daily hydrograph fluctuations have been produced by glacial ablation.
The construction of the recession curve by use of different falling hydrograph segments (MATTHESS a. UBELL 2003) allows estimation of the storage behaviour of the karst reservoir. Above all the dry late summer of 1997 has led to a very low runoff so the recession curve encloses a wide range of different levels of runoff (Fig.  9) . A distinct difference can be seen in the recession curve between storm runoff and depletion of the karst aquifer starting below 2 m 3 /s of discharge. A recession constant for the depletion of the karst aquifer cannot be given, because recession is not only due to aquifer depletion. Snow-melt runoff and runoff from glacier ablation are superposing the karst aquifer depletion, so an interpretation of the recession curve should be done with care. 
Analysis of single events
Water circulation in karst systems is characterised by different kinds of flow (cf. ATKINSON 1977; BONACCI 1988; KLIMCHOUK a. THOMAS 2000) . Turbulent flow occurs in karst conduits widened by solution activities. In small joints and fissures flow is laminar and in the pores of the limestone water movement is best described by the Darcian law. Each of the three kinds of aquifer has a specific velocity of water flow, whereby in karst conduits and in joints and fissures solute processes are taking longer as the flow of water through the aquifer (HESS a. WHITE 1988) . By that, geochemical signals of each aquifer can be observed in spring runoff. This has been done at the Partnach spring for different kinds of storm events to get some evidence about runoff generation in the karst aquifer.
Most appropriate for demonstrating the different processes contributing to runoff is the hydrograph of the storm which occurred at July, 28th 1996. As figure 10 shows, the storm hydrograph has been triggered by a short duration rainfall of 14.9 mm at the gauge station. Due to the hypsometric gradient the regional amount of rainfall for the Partnach area has been calculated at 19.1 mm. The highest rainfall intensity exceeded 10 mm/15 min and already 10 minutes after the onset of rainfall a rapid rise of runoff had been observed. Runoff peak has been reached about one hour after the beginning of rainfall and 40 minutes after rainfall has exceeded its highest intensity. The falling limb of the hydrograph shows the pattern of a nearly perfect recession curve. Despite the uneven course of the hydrograph in consequence of the turbulent flow of the Partnach creek, similarities with hydrographs from non-karstic catchments can be observed; a feature described by GUNN a. TURNPENNY (1986) for New Zealand karst areas. Indications on karst-specific runoff production processes as rhythmic fluctuations of the hydrograph resulting from water-trap depletion cycles cannot be recognised.
By means of the traditional hydrograph separation method according to CHOW (1964) and MUTREJA (1990) , three segments with a different slope can be dis- demonstrates. According to studies by ATKINSON (1977) , HESS and WHITE (1988) and BÄUMLE et al. (2001) towards karst hydrology it has to be assumed that besides overland flow, at least two further sources of runoff as flow in conduits and flow in pores should be participated in karst systems. At the Partnach spring a surface flow component has been observed during field investigations. As a result of storm precipitation with high rainfall intensities surface flow on bare rock surfaces is generated rapidly. The surface flow now concentrates in erosion scars, forming cascades of water reaching the Partnach within a few minutes. The high velocity of flow recession of the surface reservoir leads to a steep slope in the hydrograph of the Partnach (part 1). Taking the velocity of flow in the karst system into consideration, the other sources of runoff must be conduit flow (part 2) and a slow flow component (part 3) in small joints and fissures (Fig. 11) . The reaction of the pore aquifer -theoretically forming a fourth component of flow feeding baseflow during winter and in periods of drought -cannot be detected by means of the graphical method. Calculating the portion of the two fastest components of flow about 16% of total storm runoff at the Partnach spring have been delivered by quick surface flow and flow in karst conduits. The question arises whether runoff has been produced by new precipitation water delivered by fast conduit flow through the karst system or by displacement of old water stored in the aquifer. Separation of new and old components of runoff is not possible by use of the graphical method. As MCDONNELL (1990) and CUI (1997) have shown, separation of old and new flow components by means of isotopic methods will lead to reliable results. A very similar evidence of runoff production mechanisms can be reached by use of geochemical tracers and EC (e.g. KENNEDY et al. 1986; WELS et al. 1991; WETZEL 2003) . At the Partnach rapid rises and falls of EC can be observed during the event of July, 28th standing in no relation to the hydrograph (Fig. 12) . At the beginning of the storm runoff EC is falling rapidly from 108 µS/cm to values of about 92 µS/cm whereby runoff is rising as fast as EC decreases. The recorded decrease of EC is in accordance with the onset of surface flow with a low solute content now reaching the spring. Hence the fast response to the precipitation input of the Partnach at the gauge station first of all results from surface water influx.
After EC has reached its minimum, a synchronous increase of discharge and EC can be observed until the starting value of EC has been reached again. The increase of EC is a result of a rising spring discharge and a decreasing surface flow because maximum rainfall intensities have already occurred more than 30 minutes before. As nearly constant values of EC during the time of peak discharge are indicating, no variance of the chemical composition of spring discharge takes place although runoff is rising. This is in accordance with the model of a well-mixed karst reservoir existing at the Partnach spring. But the following observations do not match with the model of a well-mixed reservoir. Soon after runoff has begun to fall the EC increases to 120 µS/cm, so solute concentrations now have been higher than at the starting point of the hydrograph (flow system 1 in Fig. 12 ). Obviously water with higher solute concentration begins to leave the karst system. Due to the high solute concentration the water now leaving the karst system cannot be new precipitation water. Time for reaching near equilibrium carbonate concentrations is much longer, as residence time of the new precipitation water would be (BÖGLI 1978; HESS a. WHITE 1988) . Therefore old water with a residence time long enough to reach high solute concentrations has been pushed out of the karst system and begins to predominate in spring discharge. This part of the chemograph corresponds with recession part 1 after graphical hydrograph separation in figure 11 . But where does the old water came from? The enormous volume of water delivered by this source gives evidence of conduit flow. In karst conduits numerous water traps do exist and due to the dry pre-storm weather conditions, water with high solute concentrations has been stored there. During the storm event new precipitation water fills the karst conduits via sinkholes and dolines and flushes the old water out of the traps. Like a wave, the old water is pushed out of the karst system before the new water arrives. After that new precipitation water with a low solute content predominates conduit flow as the falling EC after the 120 µS/cm peak is indicating. Similar find- DESMARAIS and ROJSTACZER (2002) . They also demonstrated the occurrence of flushing effects in consequence of storm precipitation by means of EC data.
After new water has begun to feed the Partnach spring, a rise of EC up to 108 µS/cm can be observed again. Obviously discharge of another karst system responding more slowly to precipitation input is starting now, with similar flushing processes (flow system 2 in Fig. 12 ). Just as new water of the second flow system begins to predominate spring feeding EC decreases and over a time span of four hours EC remains nearly constant at 99 µS/cm. The signals of EC with a slight rise (101 µS/cm) and an ensuing fall to 94 µS/cm may indicate a third flow system (Fig. 12) . The signals of EC are in accordance with the results of the graphical separation method, showing a beginning of discharge of the slowest component of flow at the same time. Analysis of other storm hydrographs leads to similar results, but results become more uncertain if precipitation amount decreases.
The estimation of velocities of flow in the karst system
Because EC has not to been seen as a conservative tracer in karst systems an increase of EC during later recession of storm hydrographs should be explained by solute processes in consequence of longer contact times of the water. Therefore quantitative approaches to the different flow systems have not been realized. Also determination of flow velocities in the karst system is difficult because it is not known where infiltration of precipitation water takes place. During the snow-melt period the location of meltwater infiltration in the karst system is known. With the progress of snow-melt and an increasing altitude of the snow-line the area of water infiltration can be defined with high accuracy. During the week of July, 12th 1996 ideal snow-melt hydrographs with daily peaks of runoff have occurred. The daily amplitude of snow-melt runoff has been about 0.5 m 3 /s and the peak of runoff has been shifted about 6 h in relation to the maximum temperature. As figure 13 indicates, by decreasing values of EC, a progressive dilution of the karst aquifer as a consequence of steady meltwater input can be observed. After HÜTTL (1999) especially snow cover outflow is characterized by a low solute content. It can be seen that decreasing of EC during snow-melt is not a continuous process; on the contrary decrease is concentrated during the time of daily peak runoff. Hence, the geochemical signal is just in time with the course of daily snowmelt and 6 h after snow-melt has reached its maximum, new meltwater with low EC can be observed at the Partnach spring, leading to a further dilution of the karst reservoir beneath the spring. So velocities of flow in the karst system can be calculated by means of EC data and knowledge of the altitude of the snow-line. At July 12th 1996 the snow-line has risen up to a level of 2,400 m a.s.l., so a minimum distance between meltwater infiltration and Partnach spring of 3,200 m can be assumed, if a difference in altitude of 1,000 m is taken into consideration. Supposing that intensive snow-melt begins to start two hours before the daily maximum temperature has been reached, a mean travel time of the karst water of about 8 hours and a velocity of 400 m/h (about 11 cm/s) can be calculated. Theoretically, travel times of 24 + 8 hours are possible, but after the findings of WROBEL (1980) mean travel times in the karst conduits of the Partnach area are significantly shorter than 24 h. Therefore, a field velocity for the Partnach area of about 400 m/h can be assumed. In comparison with field velocities measured in 281 Dinaric karst areas (cf. MILANOVIC 1981, 134) , only 10% of the areas reach similar values. Even if the alpine relief is taken into consideration, after MILANOVIC (1981) field velocities of 400 m/h point to a well developed karst system.
Conclusions and outlook
The investigations on the hydrology of the Partnach area have been conducted with methods commonly used in the hydrology of running waters. Records of rainfall, runoff and EC, in combination with chemical analysis of spring discharge, have given insight in the karst hydrological processes in the underground of the Partnach area. The concept of the investigation has been proven in studies of runoff production (cf. MC-DONNELL 1990; WELS et al. 1991; WETZEL 2003) of karst springs (HESS a. WHITE 1988; DREISS 1989; DESMARAIS a. ROJSTACZER 2002) . By use of comparatively simple methods, results on such different topics as recession behaviour, components of flow in the karst system, runoff production mechanisms and flow velocities have been obtained. Therefore this methodological concept is especially qualified for investigations in alpine areas difficult to reach. Further investigations in the Partnach area should be conducted to validate the results of the geochemical approach by means of dye tracer tests and isotopic methods. Additionally, monitoring of spring discharge should be carried out during winter, because baseflow conditions in the karst system without the influence of snow melt can be observed. Finally, the question has to be examined whether the area has a groundwater leakage or not. The Partnach area is an excellent choice for investigations concerning the hydrologic cycle in alpine areas if the basin is a closed system.
